arXiv:1301.4327v2 [gr-qc] 27 Jan 2013

Cosmological equivalence between the Finsler-Randers space-time and the DGP gravity model

Spyros Basilakos^∗ Academy of Athens, Research Center for Astronomy and Applied Mathematics, Soranou Efesiou 4, 11527, Athens, Greece

Panayiotis Stavrinos^† Department of Mathematics University of Athens, Panepistemiopolis, Athens 157 83, Greece

We perform a detailed comparison between the Finsler-Randers cosmological model and the Dvali, Gabadadze and Porrati braneworld model. If we assume that the spatial curvature is strictly equal to zero then we prove the following interesting proposition: despite the fact that the current cosmological models have a completely different geometrical origin they share exactly the same Hubble expansion. This implies that the Finsler-Randers model is cosmologically equivalent with that of the DGP model as far as the cosmic expansion is concerned. At the perturbative level we find that the Finsler-Randers growth index of matter perturbations is γF R ≃ 9/14 which is somewhat lower than that of DGP gravity (γDGP ≃ 11/16) implying that the growth factor of the Finsler-Randers model is slightly different (∼ 0.1 − 2%) from the one provided by the DGP gravity model.

PACS numbers: 98.80.-k, 98.80.Bp, 98.65.Dx, 95.35.+d, 95.36.+x

1. INTRODUCTION

Geometrical dark energy models act as an important alternative to the scalar-field dark energy models, since they can explain the accelerated expansion of the universe. Such an approach is an attempt to evade the coincidence and cosmological constant problems of the standard ΛCDM model. In this framework, one may consider that the dynamical effects attributed to dark energy can be resembled by the effects of a nonstandard gravity theory implying that the present accelerating stage of the universe can be driven only by cold dark matter, under a modification of the nature of gravity.

Particular attention over the last decade has been paid on the so-called Finsler-Randers (hereafter FR) cosmological model [1]. In general metrical extensions of Riemann geometry can provide a Finslerian geometrical structure in a manifold which leads to generalized gravitational field theories. During the last decade there is a rapid development of applications of Finsler geometry in its FR context, mainly in the topics of general relativity, astrophysics and cosmology [1–20]. It has been found [6] that the FR field equations provide a Hubble parameter that contains an extra geometrical term which can be used as a possible candidate for dark energy.

Of course, there are many other possibilities to explain the present accelerating stage. Indeed, in the literature one can find a large family of modified gravity models (for review see Refs. [21, 22]) which include the braneworld Dvali, Gabadadze and Porrati (hereafter DGP; [23]) model, f(R) gravity theories [24], scalartensor theories [25] and Gauss-Bonnet gravity [26]. Tech-

∗Electronic address: svasil@academyofathens.gr †Electronic address: pstavrin@math.uoa.gr

nically speaking, it would be interesting if we could find a way to unify (up to a certain point) the geometrical dark energy models at the cosmological level. In general, we would like to pose the following question: how many (if any) of the above geometrical dark energy models can provide exactly the same Hubble expansion? In the current work we prove that the flat FR and DGP models respectively share the same Hubble parameter which means that the two geometrical models are cosmologically equivalent, as far as the cosmic expansion is concerned.

The structure of the paper is as follows. Initially in Sec. II, we briefly discuss the DGP gravity model, while in Sec. III we present the main properties of the FR model. In Sec. IV, we study the linear growth of perturbations and constrain the FR growth index. Finally, in Sec. VI we summarize the basic results.

2. THE DGP COSMOLOGICAL MODEL

In this section, we briefly describe the main features of the DGP gravity model. The idea here is that the ”accelerated” expansion of the universe can be explained by a modification of the gravitational interaction in which gravity itself becomes weak at very large distances (close to the Hubble scale) due to the fact that our fourdimensional lives on a five-dimensional manifold [27, 28]. Note that the Einstein field equations are defined on the five-dimensional brane. In this framework, the modified Friedmann equation can be written as:

H^2 + k a^2 − 2M^3_{(5)}

M^2_{(4)} ( H^2 + k a^2 )_{1/2} = 8πG 3 ρ_m (2.1)

where a(t) is the scale factor of the universe and H(t) ≡ ȧ/a is the Hubble function and k = 0, ±1 is the spatial curvature parameter.

Notice that M_{(5)} and M_{(4)} are the 5D and 4D Planck masses respectively. Inserting the following present-value quantities into Eq.(2.1)

Ω_{rc} = 1 4r^2_c H^2_0

, Ω_{k0} = − k H^2_0

, Ω_{m0} = 8πGρ_{m0} 3H^2_0

(2.2)

one can write

E^2(a) = [√ Ω_{m0}a^{−3} + Ω_{rc} + √ Ω_{rc} ]_2

+ Ω_{k0}a^{−2} (2.3)

where r_c = M^2_{(4)}/2M^3_{(5)} and E(a) = H(a)/H_0. Using a spatially flat geometry (Ω_{k0} = 0) and E(1) = 1 the above normalized Hubble parameter takes the form

E^2(a) = Ω_{m0}a^{−3} + ΔH^2. (2.4)

where the quantity ΔH^2 is given by

ΔH^2 = 2Ω_{rc} + 2 √ Ω_{rc} √ Ω_{m0}a^{−3} + Ω_{rc} (2.5)

with Ω_{rc} = (1 − Ω_{m0})^2/4. On the other hand Linder and Jenkins [29] have shown that the corresponding effective (geometrical) dark energy equation of state parameter of Eq.(2.4) is written as w(a) = −1 − 1 3 dlnΔH^2 dlna . (2.6)

Therefore, from Eq.(2.6), it is easily shown that the geometrical dark energy equation of state parameter of the flat DGP model reduces to w(a) = − 1 1 + Ω_m(a)

(2.7)

where

Ω_m(a) =

Ω_{m0}a^{−3} E^2(a)

. (2.8)

From the observational point of view the DGP gravity model has been tested well against the available cosmological data [30–33]. Although the flat DGP model was found to be consistent with SNIa data, it is under the observational pressure by including in the statistical analysis the data of the baryon acoustic oscillation (BAO) and the cosmic microwave background (CMB) shift parameter [31]. Furthermore, it has been found (cf. Ref. [33]) that the integrated Sachs-Wolfe (ISW) effect poses a significant problem for the DGP cosmology, especially at the lowest multipoles.

3. THE FINSLER-RANDERS TYPE COSMOLOGY

The FR cosmic scenario is based on the Finslerian geometry which extends the traditional Riemannian geometry. Notice that a Riemannian geometry is also a

Finslerian. Bellow we discuss only the main features of the theory (for more details see [34–37]). Generally, a Finsler space is derived from a generating differentiable function F (x, y) on a tangent bundle F :T M → R, T M = T̃ (M)/{0} on a manifold M. The function F is a degree-one homogeneous function with respect to y =^{dx}_{dt} and it is continuous in the zero cross section. In other words, F introduces a structure on the space-time manifold M that is called Finsler space-time. In the case of a FR space-time we have F (x, y) = σ(x, y)+u_μ(x)y^μ, σ(x, y) ≡ √ a_{μν} y^μy^ν (3.1)

where a_{μν} is a Riemannian metric and u_μ = (u_0, 0, 0, 0) is a weak primordial vector field with |u_μ| ≪ 1. Now the Finslerian metric tensor f_{μν} is constructed by the Hessian of F f_{μν} = 1 2 ∂^2F^2 ∂y^μ∂y^ν . (3.2)

It is interesting to mention that the Cartan tensor C_{μνk} = 1 2 ∂f_{μν} ∂y^k is a significant ingredient of the Finsler geometry.

Indeed it has been found [6] that u_0 = 2C_{000}.

Armed with the above, the FR field equations are given by L_{μν} = 8πG ( T_{μν} − 1 2 T g_{μν} ) c ≡ 1 (3.3)

where L_{μν} is the Finslerian Ricci tensor, g_{μν} = F a_{μν} /σ, T_{μν} is the energy-momentum tensor and T is the trace of the energy-momentum tensor. Modeling the expanding universe as a Finslerian perfect fluid that includes radiation and matter with four-velocity U_μ for comoving observers^1, we have T_{μν} = −P f_{μν} + (ρ + P )U_μU_ν , where ρ = ρ_m +ρ_r and P = P_m +P_r are the total energy density and pressure of the cosmic fluid respectively. Note that ρ_m = ρ_{m0}a^{−3} is the matter density, ρ_r = ρ_{r0}a^{−4} denotes the density of the radiation and P_m ≡ 0, P_r ≡ ρ_r/3 are the corresponding pressures^2. Thus the energymomentum tensor becomes T_{μν} = diag (ρ, −P f_{ij} ), where the Greek indices belong to 0, 1, 2, 3 and the Latin ones to 1, 2, 3.

In the context of a FLRW metric^3

a_{μν} = diag ( 1, − a^2 1 − kr^2 , −a^2r^2, −a^2r^2sin^2θ ) (3.4)

the gravitational FR field equations (3.3), for comoving observers, boil down to modified Friedmann’s equations

1 Here we use U^α =^{dxα}_{dt} = y^α = (1, 0, 0, 0), where t is the cosmic time.

2 We use the fact that the radiation component is negligible in the matter-dominated era.

3 The nonzero components of the Finslerian Ricci tensor are:

L_{00} = 3(^ä + 3^ȧ_{4a} u̇_0) and L_{ii} = −(aä + 2ȧ^2 + 2k +^{11}_4 aȧu̇_0)/Δ_{ii} where (Δ_{11} , Δ_{22}, Δ_{33}) = (1 − kr^2, r^2, r^2sin^2θ).

[6] ä a + 3 4 ȧ a Z_t = − 4πG 3 (ρ + 3P ) (3.5) ä a + 2 ȧ a + 2 k a^2 + 11 4 ȧ a Z_t = 4πG(ρ − P ) (3.6)

where the over-dot denotes derivative with respect to the cosmic time t and Z_t = u̇_0 < 0 (see Ref. [6]). With the aid of the Eqs. (3.5) and (3.6) we obtain, after some simple algebra, the Friedman-like expression in the matter dominated era (ρ = ρ_m)

H^2 + k a^2

+ HZ_t = 8πG 3 ρ_m (3.7)

which looks similar to the form of the DGP Friedmann equation [see Eq.(2.1]. Obviously, the extra term H(t)Z_t in the modified Friedmann equation (3.7) affects the dynamics of the universe. If we consider u_0 ≡ 0 (or C_{000} ≡ 0, F/σ = 1), which implies Z_t = 0, then the field equations (3.3) reduce to the nominal Einstein’s equations (L_{μν} = R_{μν} , where R_{μν} is the usual Ricci tensor) a solution of which is the usual Friedman equation.

Therefore, utilizing the last two equalities of Eq.(2.2), Eq.(3.7) and E(a) = H(a)/H_0 one can easily show that the normalized Hubble parameter is written as:

E^2(a) = [√ Ω_{Zt} + Ω_{m0}a^{−3} + Ω_{k0}a^{−2} + √ Ω_{Zt} ]_2 (3.8)

where √ Ω_{Zt} = −^{Zt}_{2H0} . Assuming now a spatially flat geometry k = 0 (Ω_{k0} = 0) and E(1) = 1, the above expression becomes

E^2(a) = Ω_{m0}a^{−3} + ΔH^2_{F R}. (3.9)

where ΔH^2_{F R} is given by:

ΔH^2_{F R} = 2Ω_{Zt} + 2 √ Ω_{Zt} √ Ω_{m0}a^{−3} + Ω_{Zt} (3.10)

with Ω_{Zt} = (1 − Ω_{m0})^2/4. Amazingly, the Hubble parameter of the FR cosmology reduces to that of the flat DGP gravity, ΔH^2_{F R} = ΔH^2 [see Eqs. (2.4) and 2.5 or Eqs.(2.1) and (3.7)].

The importance of the current work is that we find that the flat FR model has exactly the same Hubble parameter as the flat DGP gravity model, despite the fact that the geometrical base of the two models is completely different. Our result implies that the flat FR and the DGP models can be seen as equivalent cosmologies as far as the Hubble expansion is concerned. Below we investigate at the perturbative level the predictions of the FR model with the DGP cosmology in order to show the extend to which they are comparable.

4. THE LINEAR MATTER FLUCTUATIONS

In this section, we briefly present the basic equation which governs the behavior of the matter perturbations on subhorizon scales and within the context of any dark energy model, including those of modified gravity (“geometrical dark energy”), in which the dark energy is homogeneously distributed. The reason for investigating the growth analysis in this work is to give the reader the opportunity to appreciate also the relative strength and similarities of the FR and DGP models at the perturbative level.

At subhorizon scales the effective (geometrical in our case) dark energy component is expected to be smooth and thus it is fair to consider perturbations only on the matter component of the cosmic fluid [38]. The evolution equation of the matter fluctuations δ_m ≡ δρ_m/ρ_m, for cosmological models where the dark energy fluid has a vanishing anisotropic stress and the matter fluid is not coupled to other matter species (see Refs. [39],[40],[41],[42],[48],[43],[44]), is given by:

δ̈_m + 2Hδ̇_m = 4πG_{eff} ρ_mδ_m . (4.1)

where G_{eff} is the effective Newton’s constant and ρ_m is the matter density. Transforming Eq.(4.1) from t to a (^d_{dt} = H^d_{d ln a} ), we simply obtain

a^2 δ_m d^2δ_m da^2 + ( 3 + dlnE dlna ) a δ_m dδ_m da = 3 2 Ω_m(a)

G_{eff} (a) G_N . (4.2) with G_N denoting Newton’s gravitational constant. It is interesting to mention that solving Eq.(4.2) for the concordance Λ cosmology^4, we derive the well-known perturbation growth factor [45] scaled to unity at the present time δ_m ∝ D(z) = 5Ω_{m0}E(z) 2 ∫_{+∞} z (1 + u)du E^3(u)

. (4.3)

Notice that we have used a(z) = 1/(1 + z).

At this point we define the so-called growth rate of clustering which is an important parametrization of the matter perturbations [45] f(a) = d ln δ_m d ln a ≃ Ω^γ_m(a) . (4.4)

The parameter γ is the growth index which plays a significant role in cosmological studies (see Refs. [29, 39, 46– 49]).

Combining the first equality of Eq.(4.4) with Eq. (4.2), we derive (after some algebra) that df dΩ_m dΩ_m dlna + f^2 + ( 2 + dlnE dlna ) f = 3 2 Ω_m(a)

G_{eff} (a) G_N . (4.5)

4 For the usual ΛCDM cosmological model we have w(a) = −1, Ω_Λ(a) = 1 − Ω_m(a) and G_{eff} (a) = G_N .

In our case the basic quantities of Eq.(4.5) are (see also [39, 50]) dlnE dlna = { −^{3Ωm(a)}

1+Ω_m (a) DGP or FR

−^3_2 Ω_m(a) ΛCDM

(4.6)

dlnΩ_m dlna = { −^{3Ωm(a)[1−Ωm (a)]}

1+Ω_m(a) DGP or FR

−3Ω_m(a) [1 − Ω_m(a)] ΛCDM (4.7) and

G_{eff} (a) G_N = { 1 ΛCDM or FR

2+4Ω^2_m(a) 3+3Ω^2_m(a) DGP.

(4.8)

Inserting the ansatz f ≃ Ω^{γ(Ωm)}_m into Eq. (4.5), using simultaneously Eqs. (4.6), (4.7), (4.8) and performing a first order Taylor expansion around Ω_m = 1 (for a similar analysis see Refs. [48, 49, 51]) we find that the asymptotic value of the FR growth index to the lowest order is γ_{F R} ≃ 9/14, while in the case of the DGP braneworld model we have γ_{DGP} ≃ 11/16 (see also [28, 48, 50, 52]). Notice that for the concordance ΛCDM cosmology it has been found (see [46],[47],[48],[49]) that γ_Λ ≃ 6/11. Using the above we find the following restriction γ_Λ < γ_{F R} < γ_{DGP} . The small difference (∼ 7%) between γ_{F R} and γ_{DGP} is due to G_{eff} /G_N used in the growth analysis (see Eq.4.8).

FIG. 1: The evolution of the growth rate of clustering f(z). The lines correspond to the following models: FR (solid), DGP (dashed) and ΛCDM (long dashed). In the insert panel we present the corresponding fractional difference of the DGP (dashed line) and ΛCDM (long dashed line) models with respect to the FR model. To produce the curves we use Ωm0 = 0.27.

In Fig.1 we present the evolution of the growth rate of clustering for the current cosmological models, ie., the FR model (solid line), the DPG (dashed line) and standard ΛCDM (long dashed line) models and the fractional difference between the first (FR model) and each of the other two models (insert panel). Notice that in order to produce the curves we utilize Ω_{m0} = 0.27. The general behavior of the functional form of the FR growth rate is an intermediate case between the DGP and ΛCDM growth rates.

FIG. 2: The evolution of the growth factor, with that corresponding to the FR model (γF R = 9/14) showing a ∼ 0.1 − 2% difference with respect to that of the DGP model (γDGP = 11/16), especially at large redshifts (z ≥ 1). Notice that the growth factor normalized to unity at the present time

In Fig.2 we show the growth factor evolution which is derived by integrating Eq. (4.4), for the FR cosmological model. In the insert panel of Fig.2 we plot the fractional difference between the different models, similarly to Fig.1, but now for the growth factor. Obviously, the growth factor of the flat FR model is slightly different [^{δD}_{DF R} (%) ∼ 0.1 − 2%] from the one provided by the conventional flat DGP cosmology. Concering the ΛCDM model, the expected differences are small at low redshifts, but become gradually larger for z ≥ 1, reaching variations of up to ∼ −16% at z ∼ 4.

We would like to end this section with a brief discussion about the observational consequences of the FR model. Since the flat FR model shares exactly the same Hubble parameter with the flat DGP model, this implies that the flat FR model inherits all the merits and demerits of the flat DGP gravity model. Thus, it becomes obvious that the FR model is under observational pressure when we compare against the background cosmological data (SNIa, BAO, CMB shift parameter). We would like to mention that the FR model is in agreement with the SNIa data [6] (a similar situation holds also for the DGP, see Sec. II). As far as the ISW effect is concerned the situation is almost the same. In particular, the dependence of the ISW effect on the different cosmologies enters through the different behavior of D(a) (growth factor), which is affected by γ, and of H(a) (see Eq. 14.16 in Ref. [22]). Taking the above arguments into accountnamely, the same H(a) and very small difference in D(a) [see insert panel of Fig. 2], we conclude that both flat FR and DGP models predict almost the same ISW effect which of course is in disagreement with the ISW observational data. It is however possible to derive an extended version of the FR model free from the observational problems by including additional terms of the Finslerian metric f_{μν} in the modified Friedmann equation. Such an analysis is in progress and will be published elsewhere.

5. CONCLUSIONS

In this paper we compared the Finsler-Randers (FR) space-time against the DGP gravity model. To our surprise, we found that the flat FR space-time is perfectly equivalent to the cosmic expansion history of the flat DGP cosmological model, despite the fact that the two models live in a completely different geometrical background. At the perturbative level we studied the linear growth of matter perturbations and it was found that the FR growth index is γ_{F R} ≃ 9/14 which is almost ∼ 7% less than the theoretically predicted value of the DGP gravity model γ_{DGP} ≃ 11/16. The latter implies that the growth factor of the flat FR model is slightly different (∼ 0.1 − 2%) from the one provided by the conventional flat DGP cosmology.

Acknowledgments: We would like to thank the anonymous referee for useful comments and suggestions.

[1] G. Randers, Phys.Rev.,59, 195 (1941) [2] F. Goenner and G. Bogoslovsky, Gen.Rel.Grav., 31, 1383 (1999) [3] P. C. Stavrinos and F. I. Diakogiannis, Gravitation and Cosmology. Vol.10,No4(40)(2004) pp.1-11.Russian Gravitational Society [4] V. Perlick, Gen.Rel.Grav., 38, 365 (2006) [5] G. Bogoslovsky, SIGMA, 4, 045 (2008), arXiv:0712.1718 [6] P. C. Stavrinos, A. Kouretsis and M. Stathakopoulos, Gen.Rel.Grav., 40, 1404 (2008) [7] G. W. Gibons, J. Gomis and N. Pope, Phys. Rev. D. 76, 081701,(2007) [8] Z. Chang and X. Li, Phys.Lett.B., 663, 103 (2008) [9] A. Kouretsis, M. Stathakopoulos and P. C. Stavrinos, Phys. Rev. D., 79, 104011 (2009) [10] A. Kouretsis, M. Stathakopoulos and P. C. Stavrinos, Phys. Rev. D., bf 82, 064035 (2010) [11] J. Skalala and M. Visser, Int. J. Mod.Phys.D., 19, 1119 (2010) [12] J. Skakala and M. Visser, J. Geom. Phys., 61, 1396 (2011) [13] A. V. Kostelecky, Phys. Lett. B., 701, 137 (2011) [14] N. Mavromatos, S. Sarkar and A. Vergou, Phys. Lett. B., 696, 300 (2011) [15] N. Mavromatos, Eur.Phys. J., C72, 1956 (2012) [16] S. Vacaru, Gen. Rel. Grav. 44, 1015 (2012); [17] S. Vacaru, Int. J. Mod. Phys D., 21 1250072 (2012) [18] A. V. Kostelecky, N. Russell and R. Tso, Phys. Let. B, 716, 470 (2012) [19] M. C. Werener, Gen. Rel. Grav., 44, 3047 (2012) [20] P. C. Stavrinos, Gen.Rel.Grav., 44, 3029 (2012) [21] E. J. Copeland, M. Sami and S. Tsujikawa, Intern. Journal of Modern Physics D, 15, 1753,(2006); R. R. Caldwell and M. Kamionkowski, Ann.Rev.Nucl.Part.Sci., 59, 397, (2009), arXiv:0903.0866; I. Sawicki and W. Hu, Phys. Rev. D., 75, 127502 (2007) [22] L. Amendola and S. Tsujikawa, Dark Energy Theory and Observations, Cambridge University Press, Cambridge UK, (2010) [23] G. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B., 485, 208 (2000) [24] S. Capozzielo, Int. J. Mod. Phys. D., 11, 483 (2002);

A. D. Dolgov and M. Kawasaki, Phys. Lett. B 573, 1 (2003); T. Chiba, Phys. Lett. B 575,1 (2003); M. Carrol, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D., 70, 043528 (2004); G. Allemandi, A.

Borowiec, M. Francaviglia and S. D. Odintsov, Phys. Rev. D 72, 063505 (2005); A. L. Erickcek, T. L. Smith, and M. Kamionkowski, Phys. Rev. D 74, 121501 (2006); T. Chiba, T. L. Smith and A. L. Erickcek, Phys. Rev. D 75, 124014, (2007); W. Hu and I. Sawicki, Phys. Rev. D 76, 064004 (2007); S. A. Appleby and R. A.. Battye, Phys. Lett. B 654,7 (2007); L. Amendola, D. Polarski and S. Tsujikawa, Phys. Rev. Lett. 98, 131302 (2007); L. Amendola, R. Gannouji, D. Polarski and S. Tsujikawa, Phys. Rev. D 75, 083504 (2007); W. Hu and I. Sawicki, Phys. Rev. D., 76, 064004 (2007); A. A. Starobinsky, JETP Lett. 86, 157 (2007); L. Amendola and S. Tsujikawa, Phys. Lett. B., 660, 125 (2008); J. Santos, J. S. Alcaniz, F. C. Carvalho and N. Pires, Phys. Lett. B 669, 14 (2008); J. Santos and M. J. Reboucas, Phys. Rev. D 80, 063009 (2009); V. Miranda, S. E. Joras, I. Waga and M. Quartin, Phys. Rev. Lett. 102, 221101 (2009); S. H. Pereira, C. H. G. Bessa and J. A. S. Lima, Phys. Lett. B 690 103 (2010); R. Reyes et al., Nature 464, 256 (2010); T. P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82 451, (2010).

[25] J. P. Uzan, Phys. Rev. D., 59, 123510 (1999); L. Amendola, Phys. Rev. D., 60, 043501 (1999); T. Chiba, Phys. Rev. D., 60, 083508 (1999); N. Bartolo and M. Pietroni, Phys. Rev. D., 61, 023518 (2000); F. Perrotta, C. Baccigalupi and S. Matarrese, Phys. Rev. D., 61, 023507 (2000); B. Boisseau, G. Esposito-Farese, D. Polarski and A. A. Starobinsky, Phys. Rev. Lett., 85, 2236 (2000); G. Esposito-Farese and D. Polarski, Phys. Rev. D., 63, 063504 (2001); D. F. Torres, Phys. Rev. D., 66, 04522 (2002); Y. Fujii and K. Maeda, ’The Scalar-Tensor theory of gravitation, Cambridge University Press (2003).

[26] S. Nojiri, S. D. Odintsov and M. Sasaki, Phys. Rev. D 71, 023003 (2005); Comelli, Phys. Rev. D. 72, 064018 (2005); B.M.N. Carter and I. Neupane, JCAP, 0606, 004 (2006);T. Koivisto and D.F. Mota, Phys. Lett. B., 644, 104 (2007) F. Bauer, J. Solà, H. Štefančić, JCAP, 1012 029, (2010); F. Bauer, J. Solà, H. Štefančić, Phys. Lett. B., 688 , 269 (2010) [27] C. Deffayet, G. Dvali, &, G. Cabadadze, Phys. Rev. D., 65, 044023, (2002) [28] H. Wei, Phys. Lett. B., 664, 1 (2008) [29] E. V. Linder and A. Jenkins, Mon. Not. Roy. Astron.

Soc., 346, 573 (2003) [30] M. Fairbrain and A. Goobar, Phys. Lett.B., 642, 432, (2006)

[31] R. Maartens and E. Majerotto, Phys. Rev. D., 74, 023004 (2006);

[32] U. Alam and V. Sahni, Phys. Rev. D., 73, 084024 (2006) [33] Y. S. Song, I. Sawicki and W. Hu, Phys. Rev. D., 75, 064003 (2007) [34] H. Rund, ’The Differential Geometry of Finlser Spaces’, Springer Berlin (1959) [35] R. Miron and M. Anastasiei, ’The geometry of Lagrange spaces:Theory and Applications’. Kluwer Academic.Dordrecht (1994) [36] D. Bao, S. S. Chern and Z. ,Shen, ’An Introduction to Riemann-Finsler Geometry’, Springer, New York (2000) [37] S. Vacaru, P. C. Stavrinos,E. Gaburov and D. Gonta, ’Clifford and Riemann-Finsler structures in geometric mechanics and gravity’, Geometry Balkan Press, (2005) [38] R. Dave, R. R. Caldwell and P. J. Steinhardt, Phys. Rev.

D., 66, 023516 (2002) [39] A. Lue, R. Scossimarro, and G. D. Starkman, Phys. Rev.

D., 69, 124015 (2004) [40] E. V. Linder, Phys. Rev. D., 72, 043529 (2005) [41] F. H. Stabenau and B. Jain, Phys. Rev. D, 74, 084007 (2006)

[42] P. J. Uzan, Gen. Rel. Grav., 39, 307 (2007) [43] S. Tsujikawa, K. Uddin and R. Tavakol, Phys. Rev. D., 77, 043007 (2008) [44] R. Gannouji, B. Moraes and D. Polarski, JCAP, 62, 034 (2009) [45] P. J. E. Peebles, “Principles of Physical Cosmology”, Princeton University Press, Princeton New Jersey (1993) [46] V. Silveira and I. Waga, Phys. Rev. D., 64, 4890 (1994) [47] L. Wang and J. P. Steinhardt, Astrophys. J. 508, 483 (1998) [48] E. V. Linder, Phys. Rev. Lett., 70, 023511, (2004); E. V.

Linder, and R. N. Cahn, Astrop. Phys., 28, 481 (2007) [49] S. Nesseris and L. Perivolaropoulos, Phys. Rev. D 77, 023504 (2008) [50] Y. Gong, Phys. Rev. D., 78 123010 (2008) [51] S. Basilakos, Int. J. Mod. Phys. D., 21, 1250064 (2012);

S. Basilakos and A. Pouri, Mon. Not. Roy. Astron. Soc., 423, 3761 (2012) [52] Y.G. Gong, Phys. Rev. D., 78, 123010, (2008) X.-y Fu, P.-x Wu and H.-w, Phys. Lett. B., 677, 12, (2009)